through (G-CSF) and DEAE-eluate (M-CSF) fractions obtained were enriched in their ability to stimulate morphologically distinct colony types. At concentrations which maximally stimulated colony formation, the DEAE-G-CSF preparation stimulated 12% macrophage, 49% mixed macrophage-neutrophil, and 38% pure neutrophil colonies, whereas the DEAE-M-CSF fraction stimulated 58% macrophage, 40% mixed macrophage-neutrophil, and 2% pure neutrophil colonies. Procedures for cell culture and collection of WEHI-3 CM and the partial characterization of separable colony-stimulating activities have been described (8) . L-celI-CSF (LC-CSF) was provided by a 72-h conditioned medium harvested from log-growth phase L-929 cells grown in McCoy's 5A medium supplemented with 2% FCS. Conditioned medium was partially purified by Sephadex G-50 chromatography and concentrated fivefold. This CSF preparation stimulates 93% pure macrophage and 7% mixed macrophage-neutrophil colony proliferation. No pure neutrophil colony formation is observed. Concentrations of all CSFs which maximally stimulated CFU-c proliferation when tested at 10% vol/vol on 7.5 × 104 mouse bone marrow cells were designated as having a concentration of 1.0.
Single Colony Morphology.
Single colonies on day 7 of culture were transferred to marked glass slides with the aid of a micropipet and allowed to air dry. When dry, a cover slip was placed over the colonies, 0.6% orcein in 60% acetic acid run under, and the edges sealed. Slides prepared in this manner can be kept for long periods of time without overstaining of colonies. Routinely, 40-50 sequential colonies for each sample were examined, and each colony classified as being macrophage, mixed macrophage-neutrophil, or pure neutrophil in composition.
Radioimmunoassay of PGE.
Radioimmunoassay measurements of PGE were performed on cell-free supernates according to the method of Levine et al. (19) . All samples were extracted with acidified ethylacetate-isopropanol and dried under a stream of air at 37°C. Dried extracts were resolubilized and applied to silicic acid columns (BioSil A, 100-200 mesh, BioRad Laboratories, Richmond, Calif.) for the chromatographic separation of the various prostaglandin classes. The columns were sequentially eluted with benzene-ethylacetate and increasing concentrations of methanol. The PGE containing column fraction II, eluted with benzeneethylacetate-methanol (60:40:5) was dried under air, resolubilized in Tris-isogel buffer (pH 7.4), and alkaline hydrolyzed to convert PGE1 and PGE2 to PGB (20, 21) . The specificity of the silicie acid chromatography is such that PGE is clearly separated from PGA, PGB, and PGF, therefore, alkaline hydrolyzed samples contain PGB resulting solely from the conversion of PGE. Competitive binding between aH-PGB, authentic PGB standard or test supernate and a specific PGB antibody was measured using a commercially available radioimmunoassay kit (Clinical Assays, Inc., Div. of Travenol Laboratories, Inc., Cambridge, Mass.). All PGE measurements were corrected for extraction efficiency and chromatographic recovery.
Reagents. Indomethacin and prostaglandins El, Ez, and F2, were purchased from Sigma Chemical Co. (St. Louis, Mo.). Prostaglandins were diluted to a concentration of 10 -2 M in absolute ethanol (ETOH) and stored at -20°C. Indomethacin was prepared fresh before use as a 10-2-M solution in ETOH. Prostaglandins and indomethacin were diluted to the required final concentration in McCoy's 5A medium supplemented with 15% FCS. Ethanol concentrations of 0.1% or lower were without effect on colony formation. Commercial LF obtained from Metallo Protein Laboratories Ltd. (Windsor, Ontario, Canada) or Calbiochem-Behring Corp., American Hoechst Corp., (San Diego, Calif.) was fully iron saturated as previously described (15) .
Results

Effects of PGE1 on CFU-c Proliferation and Colony
Morphology. The WEHI-3 myelomonocytic cell line, grown in suspension culture, produces colony-stimulating activities which stimulate the proliferation of macrophage (22-24%), mixed macrophage-neutrophil (40-51%), and pure neutrophil (27-38%) colonies from mouse bone marrow cells in vitro.
The effects of the dose wise addition of PGEa on CFU-c formation, stimulated by the CSF(s) present in WEHI-3-conditioned medium, were tested in agar culture (Table I ). PGEa at concentrations of 10-5-10 -8 M resulted in a dose-dependent Jg Single colony morphology of 50 sequential colonies transferred to microscope slides and examined by aceto-orcein staining. Data is expressed as actual number of colonies of specified morphology. § Percent inhibition of total or morphologically specified colony formation.
inhibition of total colony formation. Morphological analysis of single colonies on day 7 of culture indicated that macrophage colonies were significantly more sensitive to inhibition by PGE1 than both neutrophil colonies and mixed colonies of macrophages and neutrophils. In comparison to macrophage colonies, ~ 1,000-fold greater concentrations of PGE1 were required for the equivalent inhibition of mixed colonies. Furthermore, a shift in the percentage of cells within mixed colonies displaying mononuclear macrophage morphology was observed. In the presence of PGE1, mixed colonies were predominantly neutrophilic in composition, whereas mixed colonies in control cultures contained equivalent numbers of macrophages and neutrophils. However, some mixed colony macrophages persisted, albeit at reduced levels, even at concentrations of PGE1 that totally inhibit pure macrophage colony proliferation. Neutrophilic colony formation was least sensitive to the effects of PGE with inhibition observed only at the highest concentration of PGE tested (10 -5 to 10 -6 M). It should be noted that comparison of total colony inhibition and inhibition of pure macrophage colonies are not coincident. Because macrophage colonies comprised at best 23% of total colonies, changes in the number of macrophage colonies result in much smaller changes in total colony incidence. No compensatory rise in the absolute number of mixed or neutrophil colonies in response to PGE1 was detected.
The preferential inhibition of macrophage colony formation by PGE was further tested by employing CSF preparations which differ in their ability to stimulate morphologically distinct colony types. The addition of PGE1 within a dose range of 10 -5 to 10 -12 M was tested for its effect on the proliferation of mouse bone marrow progenitor cells exposed to concentrations of mouse L-cell-derived (LC)CSF and the DEAE breakthrough G-CSF fraction of WEHI-3-conditioned medium which maximally stimulated colony formation (Fig. 1) . Macrophage colonies stimulated by LC-CSF were extremely sensitive to inhibition by PGE. A linear increase in colony inhibition was observed over log increases in PGE concentrations between 10 -11 and 10 -6 M. Significant inhibition of macrophage colony formation was observed with as little as 10 -1° M PGE (P < 0.05). 50% inhibition of macrophage colony formation occurred between 10 -s and 10 -9 M PGE (five experiments). Equivalent results were obtained using PGE2 (not shown). In contrast to that observed using LC-CSF, CFUc stimulated by G-CSF were resistant to all but 10 -5 and 10 -6 M concentrations of PGE1. However, morphological analysis of G-CSF-stimulated colonies indicated that the inhibition of total colony formation, observed at these levels of PG, resulted from the inhibition of a small percentage of macrophage colonies (7-16%) stimulated by this CSF preparation. PGF% was without inhibitory effect on total colony formation stimulated by either G-CSF, LC-CSF ( Fig. 1 ) or WEHI-3 CSF (not shown), however a small enhancement (5-20%) in total proliferating colonies stimulated by G-CSF was observed. No differential effect on colony type was evident. Enhancement of WEHI-3 CSF-stimulated colony formation by PGF2, has been reported previously (17) . The sensitivity of colony formation to inhibition by PGE was not dependent on CSF concentration. The ability of 10 -8 M PGE] to affect colony inhibition was tested over the extent of the dose-response curves for both G-CSF and LC-CSF. At all levels of G-CSF tested, PGEI was without significant inhibitory effect on colony formation ( Fig. 2A) . In contrast, colony formation stimulated by LC-CSF was inhibited by PGE1 at all points where colony formation occurred (Fig. 2B ).
Delayed Addition of PGE. The ability of PGE1 to inhibit CFU-c proliferation, when added at various times after culture initiation, was investigated (Fig. 3) . Regardless of whether 10 -8 M PGE1 was added simultaneously with or up to 72 h after culture initiation, no effect on the clonal growth or expansion of colonies stimulated by G-CSF was observed. In contrast, colony formation, stimulated by LC-CSF, was sensitive to PGE~ when added as late as 72 h after the start of agar culture. Furthermore, colony size was also reduced by PGE addition, indicating an effect on both macrophage cloning efficiency and clone size. The DEAE eluate fraction of WEHI-3 CM, M-CSF, which stimulated predominantly macrophage (58%) and mixed (40%) colo- population(s) of colony-forming cells (CFC) stimulated by both of these CSF are similar and equally sensitive to PG-mediated inhibition.
CSFStimulation of Prostaglandin Synthesis. Production of PGE by mouse macrophages
is thought to be linked to their surveillance of endogenously produced/released CSF. Experimentally, exposure to exogenously added CSF results in induction of macrophage PGE biosynthesis (5, 12) . Evidence that different CSF stimulate colony formation differing in PG sensitivity suggested that CSF preparations may also differ in their capacity to stimulate PG production. To test this hypothesis, the unseparated and partially purified CSFs present in WEHI-3 CM were tested for their ability to stimulate PGE production by resident murine peritoneal macrophages in liquid culture (Table II) . Radioimmunoassay measurements on cell-free 24-h supernates demonstrated that increasing concentrations of unseparated WEHI-3 CSF progressively stimulated macrophage PGE production. The DEAE G-CSF which stimulates predominantly mixed and neutrophilic colony formation in agar culture of mouse bone marrow cells had no effect on mouse macrophage PGE production. In contrast, the DEAE M-CSF preparation, which stimulates macrophage and mixed colony formation, was extremely active in stimulating PGE synthesis by resident mouse macrophages at all concentrations tested. Furthermore, the ability of DEAE M-CSF to stimulate PGE synthesis was enhanced in comparison to unseparated WEHI-3 CSF. No PGE production was observed using DEAE fractions devoid of colonystimulating activity (not shown). In similar experiments, a preparation of highly purified L-cell CSF (22) was also found to stimulate PGE biosynthesis (430 -152 pg/ml, control; 1,687 -309 pg/ml per 280 U CSF, stimulated) when tested on adherent macrophage monolayers derived from 2.5 × 10 s resident BDF1 PC. Activity of this CSF preparation has been defined as 4.5 × 107 U/mg protein (22) .
Macrophage Control of CFU-c Proliferation.
The macrophage has been shown to be a constitutive and inducible producer of both CSF and PGE (5, 12, 23) . The roles of CSF and PGE on CFU-c proliferation and morphology of resulting colonies were investigated using a two-layer soft agar culture system (Fig. 4 A) . Increasing numbers of resident peritoneal macrophages were used as feeder layers for mouse bone marrow by low numbers of adherent cells and inhibited by high numbers. In addition, after a small initial decline, the percentage of neutrophil colonies progressively increased as mixed and macrophage colonies declined. Radioimmunoassay measurements of PGE levels were performed simultaneously on parallel cultures of adherent macrophages derived from the identical number of peritoneal cells used to prepare the cell-feeder layers. A progressive increase in PGE production was observed with increasing numbers of adherent peritoneal macrophages (Fig. 4 B) . The synthesis of PGE by adherent macrophages in liquid culture suggested that the decrease in total colonies, and more specifically macrophage colonies, observed with increasing numbers of adherent peritoneal cells used in agar underlayers was a result of the accumulation of PGE.
To test the effects of PGE synthesis by macrophages used as agar feeder layers on the cloning efficiency of morphologically distinct colony types, similar experiments were performed in the absence and presence of 10 -6 M indomethacin, a specific inhibitor of prostaglandin production (Fig. 5) . As shown in the previous experiment, in the absence of indomethacin maximal CFU-c proliferation occurred at adherent macrophage concentrations equivalent to 1 X 105 PC, whereas a decline in total colony proliferation occurred with adherent cells above this concentration. The percentage of total colonies morphologically identifiable as macrophage was 9-11%. Mixed colony inhibition was evident only at PC concentrations of 2.5 X 105 and 5 X 105, whereas the percentage of neutrophilic colonies increased steadily from 7% of total colonies at 5 X 104 PC/culture to 32% at 5 X 105 PC culture in a similar fashion to that observed in Fig. 4 A. The addition of indomethacin to the agar feeder layers at the start of culture resulted in the significant augmentation (P < 0.0005) of colony formation at all concentrations of feeder cells tested and greatly reduced the decline in colony numbers observed at high PC concentrations. More dramatic than 
Effects of LF on Macrophage Colony-Stimulating Activity Production.
A granulocyte derived inhibitor of myelopoiesis, recently identified as LF, decreases macrophage CSF production and has no inhibitory effect on the proliferation of CFU-c stimulated by cell-free sources of CSF (15, 16) . The role of LF on macrophage production of CSF and analysis of the resulting colonies was investigated (Table III) .
Previous results (Figs. 4 and 5 ) demonstrated that constitutive macrophage production of PG over 7 d in culture was sufficient to dramatically reduce pure macrophage colony proliferation. These results suggested that the inhibition of macrophage colonies observed as a result of LF might be complicated by coincident macrophage PGE production. Pilayer agar experiments ~ere therefore performed using macrophage feeder layers treated with both LF (10 -8 M) and indomethacin (10 -6 M) at the start of culture (Table III) . In the presence of indomethacin, macrophage stimulation of CFU-c proliferation was reduced 45 + 4.1% by the addition of LF. The effects of LF were observed on all proliferating colony types, however, macrophage-derived CSF, which stimulates neutrophil colony formation, was more sensitive to inhibition by LF (P < 0.025) than macrophage-derived CSF which stimulates macrophage colony formation. In the absence of indomethacin, LF reduced total colony formation 47 + 7.4% with similar effects on specific colony types (not shown). These results suggest that the effects of LF are independent of the effects of PGE. Inhibition ofMacrophage PGE Production. We have previously demonstrated that the granulocyte-derived colony-inhibitory activity (CIA) was capable of inhibiting macrophage PGE production (5) . Similarly, LF was tested for its ability to reduce constitutive macrophage PGE production in liquid culture. Cell-free 24-h supernates, harvested from cultures of adherent macrophages derived from 1 × 105 and 2.5 × 105 resident mouse peritoneal cells that were cultured in the absence or presence of 10 -8 M LF, were measured for PGE content by radioimmunoassay (Fig. 6) . PGE production by adherent macrophages derived from 1 X l0 s and 2.5 X l0 s peritoneal cells, which maximally stimulate CFU-c proliferation, was reduced 74 and 76%, respectively.
Discussion
Hemopoietic colony-forming cells (CFC) are not homogeneous, but consist of subpopulations of progenitor cells at different stages of differentiation and maturation. Mouse bone marrow CFU-c which give rise to macrophage and neutrophil progeny are heterogeneous in their physical characteristics (24, 25) and responsiveness to different molecular species of CSF (26) . We now demonstrate that CFU-c populations committed to macrophage differentiation are differentially inhibited by prostaglandins of the E series. Moreover, a hierarchy of sensitivity to PGE1 was observed among CFU-c stimulated either by exogenously added CSF preparations, or proliferating in response to colony-stimulating activity provided by adherent macrophage feeder layers.
PGE-mediated regulation of macrophage colony formation is demonstrated most dramatically using adherent peritoneal macrophage feeder layers. Simultaneous analysis of colony morphology on bilayer cultures and PGE measurements performed on cell-free supernates conditioned by mouse macrophages, indicate that a dramatic decline in macrophage colonies, as well as total CFU-c, observed with increasing macrophage concentrations, occurs coincident with a linear increase in PGE production.
Inhibition of adherent macrophage PGE production by indomethacin results in enhanced total colony formation and prevents the decline in colony formation observed at high macrophage concentrations. More specifically, morphologic analysis of proliferating colonies demonstrated that macrophage colonies were selectively enhanced by inhibition of PG synthesis. Total absolute numbers of mixed and neutrophil colonies were relatively unchanged, however an increase in the percentage of neutrophil colonies was observed with increasing macrophage concentrations in the absence of indomethacin. This may be explained by the fact that as macrophage colonies are selectively inhibited, the remaining noninhibited neutrophil colonies therefore represent a greater percentage of total colonies. In addition, selective inhibition of the monocytoid component of mixed colonies may have resulted in the conversion of some mixed colonies into pure neutrophil colonies, thereby resulting in a small increase in the absolute numbers of neutrophil colonies (Figs. 4 and 5) .
The effects of PGE on mixed colony formation were intermediate between that observed for colonies of pure macrophages or neutrophils. In comparison to macrophage colonies, 23 log greater concentrations of PGE~ are required for equivalent inhibition of mixed granulocyte-macrophage colony formation. Although the growth of mixed colonies was significantly less sensitive to inhibition by PGE, the number of mononuclear cells in the mixed colony was dramatically reduced. In a similar fashion, a decrease in the monocytoid component of mixed colonies is observed with increasing numbers of peritoneal macrophages used as feeder layer cells. In the presence of indomethacin, the macrophage and granulocyte composition of mixed colonies was equivalent. These results support the differential sensitivity of macrophage colony forming cells to the effects of PGE. The persistence of macrophages within mixed colonies even at concentrations of PGE which can inhibit pure macrophage colony formation suggests that the macrophages observed within mixed colonies may be derived from a more resistant macrophage CFC.
Prostaglandins of the F series had little effect on myeloid colony proliferation, although a small enhancement in total colony formation was observed. The inability of PGF2~ to inhibit macrophage proliferation is further supportive of the specific role of PGE in the control of the macrophage stem cell compartment.
The cloning efficiency of macrophage CFU-c stimulated by exogenously added LC-CSF was sensitive to inhibition by PGE concentrations as low as 10 -9 to 10 -l° M. Levels of 10 -x° M PGE are routinely detected in human peripheral blood (27) . At this concentration only moderate inhibition of macrophage differentiation would be observed. However, in circumstances resulting from trauma, inflammation, or infection, localized levels of PGE as high as 1 × 10 -7 M can be obtained (28) . Under these conditions, significant inhibition of macrophage proliferation could occur. In contrast, no inhibition of colony forming cells which give rise to neutrophilic granulocytes was observed below 10 -6 M PGE concentrations. It is highly unlikely that PGE levels of this magnitude could occur in vivo.
We have recently reported that CSF plays an important regulatory role for macrophage prostaglandin production, whereby surveillance of the levels of consti-tutive, inducible or exogenously added CSF results in and may be necessary for induction of macrophage/monocyte prostaglandin biosynthesis (5, 12) . Direct measurements of PGE biosynthesis in response to unpurified, semipurified, and highly purified CSF preparations confirms and extends this hypothesis. The ability of CSF to initiate macrophage PGE mediated feedback regulation is coincident with its ability to specifically stimulate clonal macrophage proliferation. These results indicate that a specific compartmental regulatory mechanism unique within the hemopoietic system may exist, whereby mature tissue macrophages regulate the proliferation of their specific progenitor cells by production of CSF and PGE. Colony formation by specific macrophage progenitor cells present in thioglycollate-induced peritoneal populations (CFU-PM) have also been demonstrated to be extremely sensitive to inhibition by PGE (17) . Furthermore, the growth and differentiation of the WEHI-3 myelomonocytic cell line is inhibited by PGE and may reflect the retention of many macrophage characteristics by this cell line (29) . Progenitor cells which give rise to megakaryocyte and eosinophil (30) or erythroid colonies (J. Kurland and P. Meyers, unpublished observations) are not inhibited by PGE. The inhibition of B-lymphocyte colony formation by macrophage-derived PG (31) would appear to contradict the uniqueness of macrophage CFC to control by PGE, however the B-lymphocyte assay does not detect progenitor cell proliferation but rather measures the clonal potential of mature B lymphocytes (32) . It is well known that PGE is highly inhibitory to mature B-cell function (33) .
Specific control of macrophage differentiation by PGE indicates that a second feedback mechanism may exist for the control of granulocyte formation. Studies on the mechanism of action of lactoferrin now indicate that it suppresses the production by macrophages of colony-stimulating activities for macrophage, mixed macrophagegranulocyte and neutrophilic granulocyte colony proliferation, as well as reducing constitutive macrophage PGE production presumably by decreasing CSF production.
The in vitro regulatory influences of lactoferrin and PGE defined in this paper suggest one model which may explain both the steady-state control of macrophage and granulocyte formation in vivo and the response of the host to bacterial infection or transient endotoxemia. In the unperturbed state, macrophage and granu[ocyte differentiation is governed by the balance between the positive stimulus provided by CSF and the negative influences of macrophage-derived PGE and polymorphonuclear granulocyte-derived lactoferrin. In addition, lactoferrin may serve as a safeguard against excessive macrophage-derived PGE-mediated limitation of monocytopoiesis. Bacterial infection or endotoxemia leads to increased myeloid progenitor cell proliferation as a result of increasing CSF concentrations, which overcome steady-state control by LF (15) and PGE (12) . In the presence of high CSF levels, macrophage PGE production increases progressively and specifically limits monocytopoiesis while allowing granulopoiesis to proceed. Accumulating neutrophils release increasing quantities of LF which have little inhibitory effect in the continuing presence of the stimulus for CSF production (bacterial lipopolysaccharide) (15) . However, upon elimination of the source of infection, LF serves to reduce CSF production, and coincidentally macrophage PGE synthesis, thereby facilitating a return to steady-state conditions. Summary Hemopoietic colony-forming cells committed to macrophage differentiation (M-CFC) are selectively and differentially inhibited by prostaglandin E (PGE). A hierarchy of sensitivity was observed among murine CFC stimulated by colonystimulating factors (CSF) which differ in their ability to initiate proliferation of morphologically distinct colony types, or stimulated by CSF provided by macrophage feeder layers. Inhibition of macrophage colony formation to 50% levels occurred with PGE concentrations between 10 -s and 10 -9 M, and was still evident at 10-1°-10 -11 M PGE concentrations. The growth of mixed colonies containing both macrophages and neutrophils was less sensitive to the inhibitory effects of PGE, however, the monocytoid component of these colonies was reduced in the presence of PGE. Neutrophil progenitor cell proliferation was not influenced by PGE concentrations below 10-6 M, regardless of time of addition of PGE, whereas clonal macrophage expansion, as well as clone size, was sensitive to inhibition by PGE when added as late as 3 d after culture initiation. Prostaglandin F2, was not inhibitory to colony formation. Experimental evidence for a selective role of macrophage PGE in the regulation of macrophage colony formation was directly provided by utilizing resident peritoneal maerophages as a source of CSF for bone marrow target cell overlays. Simultaneous morphological analysis of colonies proliferating in bilayer culture in response to increasing concentrations of macrophages, and direct measurements of PGE synthesized by an identical number of macrophages maintained in liquid culture demonstrate that a specific decline in macrophage colony formation occurs coincident with a linear increase in macrophage PGE synthesis. Inhibition of macrophage PGE synthesis by indomethacin results in the specific enhancement of macrophage colony formation. Furthermore, macrophage PGE synthesis is induced by CSF preparations with the selective capacity to differentially stimulate macrophage proliferation, but not by those which preferentially stimulate granulocyte colony formation. In comparison to the effects of PGE on M-CFC, polymorphonuclear granulocyte-derived lactoferrin (LF) reduces macrophage production of colony-stimulating activities for macrophage, mixed macrophage-neutrophil and neutrophil colony formation. The ability of LF to reduce macrophage PGE synthesis, presumably by decreasing CSF production, suggests that LF and PGE can interact in the control of macrophage and granulocyte proliferation.
